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^ ■ Abstract 
■ 

CN ■ We review symmetries protecting a zero value for the cosmological 

constant in no-scale supergravity and reveal the connection between 

^ ^ the Multiple Point Principle, no-scale and superstring inspired mod- 

Q . els. 

1. Introduction 



Oh! 



Nowadays the existence of a tiny energy density spread all over the Universe 
(the cosmological constant), which is responsible for its accelerated expan- 
sion, provides the most challenging problem for modern particle physics. A 
X ; fit to the recent data shows that A ~ 10"^23^4^ ^ 10"^^ M| X- At the 

' same time the presence of a gluon condensate in the vacuum is expected 

to contribute an energy density of order Ag^^, ~ 10~^^ Mp^. On the other 
hand if we believe in the Standard Model (SM) then a much larger con- 
tribution ~ ~ 10^^^ Mp; must come from the electroweak symmetry 
breaking. The contribution of zero-modes is expected to push the vacuum 
energy density even higher up to ~ Mp^. Thus, in order to reproduce the 
observed value of the cosmological constant, an enormous cancellation be- 
tween the various contributions is required. Therefore the smallness of the 
cosmological constant should be considered as a fine-tuning problem. For 
its solution new theoretical ideas must be employed. 

Unfortunately the cosmological constant problem can not be resolved 
in any available generalization of the SM. An exact global supersymmetry 
(SUSY) ensures zero value for the vacuum energy density. But in the 
exact SUSY limit bosons and fermions from one chiral multiplet get the 
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same mass. Soft supersymmetry breaking, which guarantees the absence 
of superpartners of observable fermions in the 100 GeV range, does not 
protect the cosmological constant from an electroweak scale mass and the 
fine-tuning problem is re-introduced. 

It was argued many years ago that soft breaking of global supersymme- 
try at low energies could be consistent with a zero value for the cosmologi- 
cal constant in the framework of = 1 supergravity (SUGRA) models [2]. 
Moreover there is a class of models (so called no-scale supergravity) where 
the vacuum energy density vanishes automatically |3]. It happens because 
no-scale models possess an enlarged global symmetry. Even after breaking, 
this symmetry still protects zero vacuum energy density at the tree level. 
All vacua in the no-scale models are degenerate, which provides a link be- 
tween no-scale supergravity and the Multiple Point Principle (MPP) [3]. 
MPP postulates that in Nature as many phases as possible, which are al- 
lowed by the underlying theory, should coexist. On the phase diagram of 
the theory it corresponds to the special point - the multiple point - where 
many phases meet. According to the MPP, the vacuum energy densities of 
these different phases are degenerate at the multiple point. 

This article is organized as follows: in section 2 we describe the structure 
of (A^ = 1) SUGRA models; in section 3 we study symmetries protecting 
the zero value of the cosmological constant in the no-scale models ignoring 
the superpotential; the no-scale models with a non-trivial superpotential 
are considered in section 4. The connection between the MPP, no-scale 
and superstring inspired models is discussed in section 5. 

2. = 1 supergravity 

The full = 1 SUGRA Lagrangian 0,13 is specified in terms of an ana- 
lytic gauge kinetic function fai^pM) and a real gauge-invariant Kahler func- 
tion G{(j)M, 4>m), which depend on the chiral superfields (pM- The function 
/a determines the kinetic terms for the fields in the vector supermulti- 
plets and the gauge coupling constants Refa{4>M) = l/^a; where the index 
a designates different gauge groups. The Kahler function is a combination 
of two functions 



where K{4>m -.(Pm) is the Kahler potential whose second derivatives define 
the kinetic terms for the fields in the chiral supermultiplets. W{(j)M) is the 
complete analytic superpotential of the considered SUSY model. In this 



G{Hu Hi) = K{(f>M, hi) + In |I^(0m)|' , 



(1) 



article standard supergravity mass units are used: 



Mpi 



= 1. 
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The SUGRA scalar potential can be presented as a sum of F- and 
D-terms V = Vp + Vd, where the F-part is given by jSI , [3] 



kM,N 



Gm = BmG = dG/d(l)M, Gm = OmG = dG/dcPl, , 
^NM = ^ffduG = dfjdMK = Kfffj . 



(2) 



The matrix G^^^ is the inverse of the Ktihler metric Kfjj^ . In order to break 
supersymmetry in {N = 1) SUGRA models, a hidden sector is introduced. 
It contains superfields {hm)-, which are singlets under the SM S'C/(3) x 
SU{2) X U{1) gauge group. If, at the minimum of the scalar potential ((21), 
hidden sector fields acquire vacuum expectation values so that at least one 
of their auxiliary fields 

^M^gG/2^^A/P^^ (3) 



is non-vanishing, then local SUSY is spontaneously broken. At the same 
time a massless fermion with spin 1/2 - the goldstino ~ is swallowed by the 
gravitino which becomes massive =< e*^/^ >. This phenomenon is 

called the super-Higgs effect. 

It is assumed that the superfields of the hidden sector interact with the 
observable ones only by means of gravity. Therefore they are decoupled 
from the low energy theory; the only signal they produce is a set of terms 
that break the global supersymmetry of the low-energy effective Lagrangian 
of the observable sector in a soft way. The size of all soft SUSY breaking 
terms is characterized by the gravitino mass scale 7713/2 • 

In principle the cosmological constant in SUGRA models tends to be 
huge and negative. To show this, let us suppose that, the Kahler function 
has a stationary point, where all derivatives Gm = 0. Then it is easy to 
check that this point is also an extremum of the SUGRA scalar potential. 
In the vicinity of this point local supersymmetry remains intact while the 
energy density is —3 < >, which implies the vacuum energy density 
must be less than or equal to this value. In general enormous fine-tuning 
is required to keep the cosmological constant around its observed value in 
supergravity theories. 
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3. SU (1,1) and SU (n, 1) symmetries in the no— scale 
models 



We know that the smallness of the parameters in a physical theory can 
usuahy be related to an almost exact symmetry. Since the cosmological 
constant is extremely tiny, one naturally looks for a symmetry reason to 
guarantee its smallness in supergravity. In the simple case when there is 
only one singlet chiral multiplet z, the scalar potential can be written as 

V{z, z) = 9e^^/3g,,- (a,9,e-^/3^ . (4) 

In order that the vacuum energy density of V{z, z) should vanish, we 
must either choose some parameters inside G to be fine-tuned or, alterna- 
tively, demand that the Kahler function G satisfies the differential equation 
dzdge''^^^ = 0, whose solution is [B]: 

G = -31n(/(z) + r(z)) . (5) 

For the Kahler function given by Eq. ©, fine-tuning is no longer needed 
for the vanishing of the vacuum energy, since the scalar potential is flat and 
vanishes at any point z. The kinetic term for the field z is then given by 

_ 3dJ{z)d,r{z) ^^ 3\d^f{zf 

- (/(.) + nz)r ' " ' " im + nz)? ■ ^ ^ 

As follows from Eq. Q, Lkm can be rewritten so that only the field T = f{z) 
appears in the kinetic term. Actually this holds for the whole Lagrangian. 
The considered theory depends only on the field T and all theories obtained 
by the replacement T = f{z) are equivalent. 

One expects that such a theory with a completely flat potential pos- 
sesses an enlarged symmetry. For the case T = {z + l)/{z — 1) the scalar 
kinetic term becomes 

3\d,z\^ 

which is evidently invariant under the following set of transformations: 

az + b 
z . 

o*z + a* 

The set of transformations forms the group SU (1,1), which is non- 
compact and characterized by the parameters a and b which obey |ap — 
|6p = 1. Hence SU{1, 1) is a three-dimensional group. Transformations of 
SU{1, 1) are deflned by 2 x 2 matrices 



(7) 



U 



a b 

b* a* 
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which can also be written in the form [7j 

[/ = exp|«yCJ3 + i^cr- - , a± = {ai±ia2)/2 (8) 

Here ojq is a real parameter and o"i^2,3 are the conventional Pauli matrices. 



The matrices U acting on the space ^ j leave the element \x\ — \y 

invariant, in contrast with the SU (2) group where we have invariance of 
the element \x\^ + |yp . The 5'C/(1, 1) transformations of the field variable 
T are 

(gT + 1(5) 

where a, /3, 7 and (5 are real parameters. 

The group SU{1, 1) contains the following subgroups |Hj: 

i) Imaginary translations: T — > T + i(5\ 

ii) Dilatations: T — > a^T; ^9^ 

cos "t" ^ sm ^ 

in) Conformal transformations: T — > — . 

i sin 61 + cos y 

The Kahler function (jSJ is invariant under the first set of transformations, 
but not under dilatations and conformal transformations. The gravitino 
mass term in the SUGRA Lagrangian, which appears when SUSY is broken, 
results in the breaking of SU {1,1) — > where Ua{l) is a subgroup 

of imaginary translations. One can wonder whether SU{1, 1) invariance 
implies a fiat potential. The invariance of the scalar potential with respect 
to imaginary translations implies that V{z,z) is a function of the sum 
z + z. At the same time the invariance under dilatation forces V{z, z) 
to depend only on the ratio z/z. These two conditions are incompatible 
unless V{z,z) is a constant. Moreover the SU{1,1) invariance requires 
this constant to be zero 0. In order to get a fiat non-zero potential in 
SUGRA models, one should break SU{1, 1). The SU{1, 1) structure of the 

= 1 SUGRA Lagrangian can have its roots in supergravity theories with 
extended supersymmetry {N = 4 or A = 8) 0. 

Let us consider a SUGRA model in which there are n chiral multiplets 
z and (pi, i = l,2,...?i— 1, where z is a singlet field while ipi are non-singlets 
under the gauge group. If the Kahler function has the form 

G = -Mn{f{z) + r{z)+g{^„^i)) , (10) 

then the F-part of the scalar potential vanishes and only D-terms give a 
non-zero contribution, so that 

' ^" = ^« E , (11) 
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where g"" is the gauge couphng constant associated with the generator T" 
of the gauge transformations. Owing to the particular form of the Kdhler 
function HlOj) . the scalar potential Ullj) is positive definite. Its minimum is 
attained at the points for which < D"^ >= and the vacuum energy density 
vanishes jHJ. 

In the case when g{ipi^(pi) = — ^ - fi^pi, the kinetic terms of the scalar 
fields are invariant under the isometric transformations of the non-compact 
SU{n, 1) group [5]. The manifestation of the extended global symmetry of 
Lf^in can be clearly seen, if one uses new field variables yi, i=0,l,...n-l, 
related to f{z) and tpi by 

X 1 - yo Vi 



2(l + 2/o)' 1 + yo' 

Then the Kahler function takes the form 

G = -31n (^l-J2yiy}j +31n|l + yol', 
from which it follows that the kinetic terms of the scalar fields are 



In particular the kinetic terms ()12() remain intact if 

where |ajp — = 1. The SU{n, 1) symmetry implies a zero contribution 
of the i^-terms to the potential, which protects the vacuum energy density. 

The SU{n, 1) symmetry can be derived from an extended (A^ > 5) su- 
pergravity theory [IQ^. This symmetry is broken by the gauge interactions 
(D-terms) in = 1 supergravity models, leaving only an SU{1, 1) symme- 
try. In terms of the symmetry transformations H13() . the kinetic terms and 
scalar potential are still invariant with respect to the replacement 

yo ^ u*.. , ; yi ^ , for i^o. (i4) 



The gravitino mass breaks SU (1,1) further to Ua{l), since the Kahler func- 
tion (jTU)) is not invariant under the dilatation subgroup. 



6 



4. No— scale models with nontrivial superpoten- 
tial and MPP 



The introduction of the superpotential comphcates the analysis. Suppose 
that the Kahler potential K of the model is given by Eq. and the 
superpotential does not depend on the singlet superfield z. Then one can 
define the vector Ui 



OLi 



-K/-i 



3|9./(^)|2 



(15) 



where F{ipa) = \nW{(pa) and the indices i and j on the functions f{z), 
g{(pa, 'fa) and F{ipa) denote the derivatives with respect to z and (pa- The 
vector Oi satisfies the following property 

GijOij = Gi 



from which one deduces that 

GiC-^Gj. = y^ atGj. . 

i,k k 

As a result the scalar potential takes the form 



(16) 



V 



difo 



(17) 



The potential H17() leads to a supersymmetric particle spectrum at low ener- 
gies. It is positive definite and its minimum is reached when / — ('^"■^ 

\ Otpa 

< >= 0, so that the cosmological constant goes to zero. 

It is interesting to investigate what kind of symmetries protect the cos- 
mological constant when W{z, ipa) 7^ const. As discussed above, it is natu- 
ral to seek such symmetries within the subgroups of SU{\, 1). The invari- 
ance of the Kahler function under the imaginary translations of the hidden 
sector superfields 

Zi^ Zi+ i(3i ; (fa^ fa (18) 

implies that the Kahler potential depends only on Zj + Zi, while the super- 
potential is given by 



W{Zi,ipo 



exp 



E 

.4 = 1 



(19) 
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where are real. Here we assume that the hidden sector involves m singlet 
superfields. Since G{(I)m,<Pm) does not change if 

( K{(f)M, 4>m) K{(j)M, (Pm) - g{(t>M) - 9*{(t>M) , 

the most general Kahler function can be written as 

G{(I)M,4>m) = K{zi + Zi,ipa,tfa) + ln\W{ipa)\ , (20) 

where W{(pa) = W{ipa)- 

The dilatation invariance constrains the Kahler potential and superpo- 
tential further. Suppose that hidden and observable superfields transform 
differently 

Zi Oi'Zi , (fa- aipa ■ (21) 

Then the superpotential W{ipa) may contain either bilinear or trilinear 
terms involving the chiral superfields ipa but not both. Because in phe- 
nomenologically acceptable theories the masses of the observable fermions 
are generated by trilinear terms, all others should be omitted. If there is 
only one field T in the hidden sector, then the Kahler function is fixed 
uniquely by the gauge invariance and symmetry transformations pSj) and 
(ED): 

K{T + T, ^.) = -I ln(r + f) + Y: C. ^^^l'-L, 

^ ' ^ (22) 

where and Yujs^ are constants. The scalar potential of the hidden sector 
induced by the Kahler function, with K and W given by Eq. (j^U, is 



ViT + T) 



(r + r)6/'= 



2 



and vanishes when k = 2. In this case the subgroups of SU (1, 1) — imagi- 
nary translations and dilatations (T — > a^T, tpa- — > aipa) — keep the value 
of the cosmological constant equal to zero. 

The invariance of the Kahler function with respect to imaginary trans- 
lations and dilatations prevents the breaking of supersymmetry. In order 
to demonstrate this, let us consider the SU(5) SUSY model with one field 
in the adjoint representation $ and with one singlet field S. The superpo- 
tential that preserves gauge and global symmetries has the form 

W{S, $) = ^S^ + ATr$3 + (j5Tr$2 . (23) 
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In the general case the minimum of the scalar potential, which is induced 
by the superpotential is attained when <5>=<<I>>=0 and does 
not lead to the breaking of local supersymmetry or of gauge symmetry. But 
if >«• = — 40cr'^/(3A^) there is a vacuum configuration 



/ 1 











\ 





1 

















1 

















-3/2 





Vo 











-3/2 / 



< S > — 5*0 , 



(24) 



which breaks SU(5) down to SU{3) x SU{2) x U{1). However, along the 
valley H24|) . the superpotential and all auxiliary fields Fi vanish preserving 
supersymmetry and the zero value of the vacuum energy density. 

In order to get a vacuum where local supersymmetry is broken, one 
should violate dilatation invariance, allowing the appearance of the bilinear 
terms in the superpotential of SUGRA models. Eliminating the singlet 
field from the considered SU(5) model and introducing a mass term for the 
adjoint representation, we get 



W{<^) = MxTr$2 + ATr^>3 , 



(25) 



In the resulting model, there are a few degenerate vacua with vanishing 
vacuum energy density. For example, in the scalar potential there exists a 
minimum where < <I> >= and another vacuum, which has a configuration 

similar to Eq. but with $0 = Mx- In the first vacuum the SU(5) 

OA 

symmetry and local supersymmetry remain intact, while in the second one 
the auxiliary field Ft acquires a vacuum expectation value and a non-zero 
gravitino mass is generated: 



< \Ft\ > 

"13/2 



(T + r)V2 
(T + r)3/2 



m3/2{T + T) , 
40 

"9"A2(r + r)3/2 



(26) 



As a result, local supersymmetry and gauge symmetry are broken in the 
second vacuum. However it does not break global supersymmetry in the 
observable sector at low energies (see Ea. H17() l. When Mx goes to zero 
the dilatation invariance, SU(5) symmetry and local supersymmetry are 
restored. 

A simple model with the superpotential (|25|) can serve as a basis for the 
Multiple Point Principle (MPP) assumption in SUGRA models, which was 
formulated recently in When applied to supergravity, MPP implies 
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that the scalar potential contains at least two degenerate minima. In one 
of them local supersymmetry is broken in the hidden sector, inducing a 
set of soft SUSY breaking terms for the observable fields. In the other 
vacuum the low energy limit of the considered theory is described by a pure 
supersymmetric model in flat Minkowski space. Since the vacuum energy 
density of supersymmetric states in flat Minkowski space is just zero, the 
cosmological constant problem is thereby solved to first approximation by 
the MPP assumption. An important point is that the vacua with broken 
and unbroken local supersymmetry are degenerate and have zero energy 
density in the model considered above. However, in the vacuum where local 
supersymmetry is broken, all soft SUSY breaking terms vanish making this 
model irrelevant for phenomenological studies. 



5. No— scale models and the superstring 

The Kahler function and the structure of the hidden sector should be fixed 
by an underlying renormalizable or even finite theory. Nowadays the best 
candidate for the ultimate theory is Eg x Eg (ten dimensional) heterotic 
superstring theory ^21- The minimal possible SUSY-breaking sector in 
string models involves dilaton (S) and moduli (T^) superfields. The num- 
ber of moduli varies from one string model to another. But dilaton and 
moduli fields are always present in four-dimensional heterotic superstrings, 
because S is related with the gravitational sector while vacuum expecta- 
tion values of Tm determine the size and shape of the compactified space. 
Amongst the moduli we concentrate here on the overall modulus T. In 
this case Calabi-Yau and orbifold compactifications lead to rather similar 
results for the Kahler potential, superpotential and gauge kinetic functions 
at the tree level: 



K = - MS + S)- 31n(T + T) + + TT'^Vc^^ 



a ) 



W = W('^^\S, T, <^„) + -^y^p^^a^P^^ , fa = kaS , 



(27) 



3 

where ka is the Kac-Moody level of the gauge factor {k-^ = k2 = -ki = 1). 

5 

In the case of orbifold compactifications, the Ha are negative integers some- 
times called modular weights of the matter fields. Orbifold models have 
a symmetry ( "target-space duality") which is either the modular group 
SL{2, Z) or a subgroup of it. Under SL{2, Z), the fields transform like 

^ aT — lb 11-, 1 1 

~^ icT + d ' ad-bc=l a, b, c, d e Z; ^^g) 

S^S; ifa^ {icT + dY'-^a- 
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In the large T limit of the Calabi-Yau compactifications, Ua = and the 
Lagrangian of the effective SUGRA models is also invariant with respect 
to the field transformations (|28|) if Ua = —1. So one can see that the form 
of the Kahler function is very close to the no-scale structure discussed in 
the previous sections. 

In the classical limit W^^^'^\S, T, (fa) is absent. The superpotential of 
the hidden sector and supersymmetric mass terms of the observable super- 
fields may be induced by non-perturbative corrections, which violate the 
invariance under SL{2, Z) symmetry. In the gaugino condensation scenario 
for SUSY breaking, the superpotential of the hidden sector takes the form: 

WiS,T)r^exp{-3S/2bQ} , (29) 

where bq is the beta-function of the hidden sector gauge group. For an 
SU{N) model without matter superfields bq = 3N/{16tt'^). Assuming that 
the superpotential does not depend on T, we get 



V{S, T) 



[S + S){T + Tf 



dW{S) W{S) 



dS S + S 



(30) 



The scalar potential (|c{U|) of the hidden sector is positive definite. All its 
vacua are degenerate and have zero energy density. Among them there can 
be a minimum where the vacuum expectation value of the hidden sector 
superpotential vanishes. It is easy to check that, in this vacuum, local 
supersymmetry remains intact. In other vacua where < 1^(5) >^ local 
supersymmetry is broken, since Ft 7^ 0. Thus the MPP conditions can be 
realized in superstring inspired models as well. 

But at low energies the SUGRA Lagrangian, corresponding to the 
Kahler function given by Eq. H27() with tIq, = — 1 and a superpotential that 
does not depend on the overall modulus T, exhibits structure inherent in 
global supersymmetry. In order to destroy the degeneracy between bosons 
and fermions, the SL(2,Z) symmetry should be broken further. Non-zero 
gaugino masses are generated when the gauge kinetic function gets a 
dependence on T, i.e. fa = ka{S — aT). The soft scalar masses and 
trilinear couplings A^/s-y arise for the minimal choice of the Kahler metric 
of the observable superfields, when the Kahler potential is given by 

= -ln(5 + 5) -31n(r + f) + ^V'„^„. (31) 

a 

In this case we have 

AafS^ = 3m3/2 , ml = ml/2^ (32) 
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It is worth emphasizing that the energy densities of vacua still vanish in 
models with the modified gauge kinetic function and Kahler potential H31|) . 
It clears the way to the construction of realistic SUGRA models based on 
the MPP assumption. 
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